Protein translocation is an important cellular process. SecA is an essential protein component in the Sec system, as it contains the molecular motor that facilitates protein translocation. In this study, a bioinformatics approach was applied in the search for possible lipid-binding helix regions in protein translocation motor proteins. Novel lipid-binding regions in Escherichia coli SecA were identified. Remarkably, multiple lipid-binding sites were also identified in other motor proteins such as BiP, which is involved in ER protein translocation. The prokaryotic signal recognition particle receptor FtsY, though not a motor protein, is in many ways related to SecA, and was therefore included in this study. The results demonstrate a possible general feature for motor proteins involved in protein translocation.
INTRODUCTION
Protein translocation is an important cellular process. Thanks to a combination of genetics, molecular biology, biochemistry and biophysics studies, all of the factors involved in protein translocation in E. coli have basically been identified [1] . These factors include the so-called Sec-proteins [2] and the phospholipids [3, 4] .
Both anionic and non-bilayer-forming phospholipids were found to be essential for efficient protein translocation [5, 6] . Sources of energy, ATP and a proton motive force are also essential [2] . In the last decade, an overwhelming amount of the three-dimensional structures of several Sec-proteins have been resolved (see [2, 7] for recent overviews). The stream of publications resulting from this newly obtained structural information mainly focused on protein-protein interactions. However, understanding the role of protein-lipid interactions in the protein translocation process remains important, and interesting results have already been obtained in this line of research. For example, the insertion ability of SecA has been demonstrated in model membrane systems [8] with a preference for anionic phospholipids [9] . This is intriguing because the primary structure of SecA reveals it to be an overall negatively charged protein [10] . Based on an experimentally observed vesicle aggregation phenomenon and the use of some SecA deletion mutants [11, 12] , two lipid-binding sides were proposed. In vitro studies led to the idea of an insertion and deinsertion cycle for SecA in the membrane [13] , similar to what was found in the nucleotide-dependent SecAphospholipid interaction studies using model systems [9, 11, 14] . The SecA protein even traverses the inner membrane towards the periplasmic side [15] , as was found in a pure lipid model membrane system [16] . Furthermore, a number of studies described the role of different ligands in SecA membrane binding [17, 18] , which not only explained some apparent contradictions in the literature, but also provided interesting mechanistic details of SecA functioning in the protein translocation process. Recently, an allosteric regulation of SecA by Mg 2+ was found, with a special role for the anionic phospholipid, cardiolipin [19] . Not only can crystal structures serve as inspiration for further research, but bioinformatics can also play a prominent role in biochemistry and the life sciences. A recently developed bioinformatics approach led to the creation of the web-server Heliquest [20] . This web-based software includes a feature to identify (potential) lipid-binding helix regions in proteins. Stretches of amino acids can be investigated, and the use of a discrimination factor enables discrimination between the lipid-binding and non-lipid binding regions of proteins and peptides. The Heliquest program has two options: a screening option and an analysis option. The screening option includes an automatic screening for possible transmembrane regions that utilizes an external program specialized in identifying such regions. The indicated discrimination factor used in this study utilized the analysis mode. Here, the classical transmembrane regions cannot be automatically identified. This issue will be discussed in detail in relation to protein translocation motor proteins in the Results and Discussion section of this paper. Based on this bioinformatics approach, the E. coli SecA protein was thoroughly investigated, and multiple lipid-binding sites were identified, divided over several lipidbinding domains (LBD). Additionally, other motor proteins found in chloroplasts (cpSecA), ER (BiP) and mitochondria (mtHsp70) were screened. The prokaryotic signal recognition particle receptor FtsY, though not a motor protein, is included in this study due to its close resemblance to SecA. Surprisingly similar patterns in terms of multiple lipid-binding regions and organization into different lipid-binding domains were found for all the studied motor proteins. Some regions were further specified and characterized, and the possible implications for protein translocation are discussed herein.
MATERIALS AND METHODS

Primary and secondary structure identification
The primary structure of E. coli SecA (P10408) was obtained from the SwissProt sequence database and the primary structures of the corresponding regions, identified as the lipid-binding helix, were collected (Tab. 1). In a similar way, detailed descriptions of the primary structure of BiP (P16474-1), cpSecA (Q41062), mtHsp70 (P48721) and FtsY (P10121) were obtained (see Tabs 2 and 3 for details). The included regions were checked for the extent of helicity either using the available crystal structural data and/or via secondary structure analysis using the program SOPMA [21] , available at http://npsa-pbil.ibcp.fr/. In the case of conflicting results, this is indicated in the table S1 (see supplemental data in Tab. S1 at http://dx.doi.org/10.2478/s11658-010-0036-y for a detailed comparison of the experimental data extracted from PDB and the data from the secondary structure predictions for E. coli SecA).
Determination of the lipid-binding potential
Using the program Heliquest [20] , available at http://heliquest.ipmc.cnrs.fr/, the mean hydrophobicity (<H>), the hydrophobic moment (μH) and the net charge (z) were calculated. In the analysis, 18-residue windows were used, and for each sequence under investigation the window with the highest discrimination factor was selected. In essence, a stepwise discriminant analysis module was implemented in TSAR 3.3 (Oxford Molecular) with segment length, <H>, <µH> and z as explanatory variables (for additional information see the website http://heliquest.ipmc.cnrs.fr/TablePeptide.htm). A stepwise procedure was used to select a subset of the explanatory variables and optimize the classification rule which appeared to be the discrimination factor (D):
When this discrimination factor is above 0.68, the corresponding region can be considered to be a (potential) lipid-binding helix. See [20] or the website http://heliquest.ipmc.cnrs.fr/HelpProcedure.htm for additional information. The help page indicated gives detailed information about the way the discrimination factor is defined and how for example the screening mode can be utilized for certain purposes.
Helical wheel plot
The helical wheel representations were produced using the Heliquest software [20] . The obtained helical wheel plots were subsequently redrawn and customized.
RESULTS AND DISCUSSION
Identification of the lipid-binding regions of Escherichia coli SecA
The complete sequence of SecA was run through the Heliquest program. Only the mostly helical regions were selected for further analysis. Based on the discrimination factor (D), which comprises both the hydrophobic moment (μH) The reported evidence and indications in the literature confirm the predicted behaviour. According to the Heliquest program calculation and its prediction, this is a non-lipid binding region. However, the frequently used TMpred program indicates that this is an alpha helical transmembrane segment (TMS). Furthermore, the H and μH values are remarkably similar to those found for the PhoE signal sequence, which is well-known for its lipidbinding and inserting abilities [26] . Due to these noteworthy findings, this sequence is included in this table. According to the extracted PDB data, this region is primarily beta sheet, but the secondary structure prediction indicates a stretch of 15 AA in a helical conformation, and it is therefore included (see Tab. S1 for details). and the net charge (z), a number of potential lipid-binding regions were identified (Tab. 1). For a number of the identified regions, direct or indirect experimental or theoretical evidence already exists. For example, the SecA regions 1-21 and/or 14-33 found with Heliquest correspond well with the earlier proposed lipid-binding site that comprises the first 25 AA of the N-terminus [11] . The existence of this region was found to be a reasonable explanation (combined with the proposed C-terminal lipid-binding site) for the observed vesicle aggregation phenomena found when SecA is added to DOPG liposomes [11] . In addition, a recently performed ESR approach looking at mobility changes within SecA upon binding to different ligands [22] mentioned residue G11 as being part of a possible lipid-binding site, which is obviously right in the middle of the here identified SecA(1-21) region. This ESR approach also pointed to the special position of K609, which corresponds well with the region SecA(593-614) as identified here. Furthermore, it is interesting to see that with a recently developed prediction program for identifying transmembrane sequences [23] , a 12-residue long helix was found in SecA proteins originated from different organisms. In E. coli, this appeared to be the region 108-120, which corresponds remarkably well to the predicted potential lipid-binding region SecA(108-125) as found by the Heliquest program. The previously proposed C-and N-terminal lipid-binding sites were postulated to be different in character [11] . Indeed, the corresponding higher hydrophobic moment for the N-terminus (Tab. 1) indicates a more hydrophobic component in the protein-lipid interaction, while the low hydrophobic moment and low mean hydrophobicity for the C-terminal region suggest the more electrostatic nature of the protein-lipid interaction. This is confirmed by looking at the helical wheel plots for the two regions. It is clear that the sequence corresponding to region SecA(1-21) is an amphiphilic helix (Fig. 1A) , perfectly suited to bind to lipid membranes, both electrostatic and hydrophobic in nature, while in the SecA(877-895) region, the alignment of positive charges is clearly indicated in the helical wheel plot (Fig. 1B) . More SecA regions with a relatively high mean hydrophobicity have been identified (Tab. 1). There are a number of interesting earlier observations in relation to this. First of all, there is the observation that some C-terminal SecA deletion mutants fully abolished aggregation when added to DOPG vesicles, which was explained by the disappearance of one lipidbinding site [12] . Second, when SecA is added to DOPC first, and then DOPG vesicles are added, the wild-type SecA and mutant SecA with a C-terminal deletion of 64 amino acids both induce vesicle aggregation at comparable levels [24] . Third, C-terminal deletion mutants of SecA gave almost wild-type monolayer insertion levels in DOPG [12] and in DOPC [24] . This leads to the idea that N-or C-terminal deletions within SecA lead to the exposure of other more hydrophobic or amphiphilic regions of SecA. These exposed regions might very well be one or more of the lipid-binding helix regions identified here. 
A detailed description of the identified regions
The positions of the identified regions of E. coli SecA in the overall sequence have been aligned to the primary sequence (Fig. 2) . The lipid-binding regions are divided over four lipid-binding domains (LBD). The LBD is a proposed functional domain as an indicative attempt to group lipid-binding regions in such away that they presumably belong together on the basis of their close distance in the aligned structure. It is remarkable that the majority of the lipid-binding regions are found in the N-and C-terminal ends of SecA (respectively 1-100 and 600-900), with two exceptions: SecA(370-395) and SecA(466-488). Interestingly enough, these latter two regions overlap with the two nucleotide-binding folds (NBF). This might mechanistically explain the nucleotide dependency of the SecA-lipid insertion [11, 12, 14] . Depending on how strictly one considers the positions within the primary sequence of already assigned and identified functional regions in SecA (NBF, HWD etc.), a certain degree of overlap between these regions and the identified lipid-binding regions is apparent. This could mean that some of these lipid-binding regions will either function secondarily and/or certain regions might be multi-functional, since SecA is a key protein which interacts with different ligands, and is a well-known multi-functional protein.
A completely different approach characterizing the protease-protected fragments of SecA using immunodetection [25] proposed two new membrane-interacting domains (MID). These two MID, SecA(240-330) and SecA(610-820), are remarkably close to or even overlap two of the lipid-binding domains proposed here (Fig. 2) . This is interesting since Chen et al. [25] suggested that these regions are part of an integral membrane form of SecA. Since lipid binding could serve as anchoring for the contact of an adjacent part of the SecA protein with a membrane protein, this seems to indicate one of the possible roles for a number of the identified lipid-binding regions during protein translocation. In order to emphasize the reliability of the method, examples of well-know lipidbinding regions of another protein and peptide were included in Tab. 1. The signal peptide of PhoE is an example of a well-studied peptide in terms of peptide-lipid interactions, and its ability to interact specifically with anionic phospholipids has been experimentally demonstrated [26] . Indeed the Heliquest program perfectly identifies the sequence of this signal peptide as a lipid-binding helix, corresponding to the hydrophobic core and the positively charged N-terminus of the signal peptide. Apocytochrome c is a frequently studied protein when it comes to protein-lipid interactions, and it is clear (Tab. 1) that the Heliquest program unquestionably identifies the two lipid-binding helix regions which were found experimentally [27] . It is interesting to note that the N-and C-terminal regions of Apocytochrome c show a similar duality as found for E. coli SecA when it comes to its lipid-binding sites, with one site being more hydrophobic and the other being more electrostatic in nature. These similarities between the proteins seem to underline the earlier hypothesis that E. coli SecA and proteins like Apocytochrome c are members of the same family of proteins [14] , a class of proteins which can be found either in a soluble or in a membrane-bound state. As indicated in the introduction, the used analysis cannot identify (classical) transmembrane regions. Two additional examples are included in Tab 1. According to the discrimination factor, the known transmembrane region of the H. sapiens glycophorin A [28] and the surface membrane-binding segment of the S. cerevisiae Kes1p sterol transporter [29] would be considered non-lipid binding (D < 0.68) in this Heliquest approach.
The segment AA 7-29 in Kes1p appeared to be a member of a new class of membrane-binding amphipathic helices especially suited for curved membrane surfaces [29] . The identification of transmembrane regions can be performed either automatically using the screening mode of the Heliquest program, which utilized the specialized program TMHMM [30] , or manually before or after a Heliquest analysis. Thus, the manual analysis option of Heliquest as described in this study cannot identify possible transmembrane regions. However, there are indications that it is possible to extract the identification of transmembrane regions directly from the Heliquest data (Keller, manuscript in preparation). In the case of protein translocation motor proteins, this aspect is not required in the analysis because it is known that for example SecA does not contain 'pure' transmembrane regions (see [23] for a more elaborate discussion on this).
The identification of the lipid-binding regions of protein translocation motor proteins
Motor proteins are not only found across E. coli inner membranes, but also in other protein translocation systems, e.g. cpSecA is found in the chloroplasts, mtHsp70 in the mitochondria, and BiP in the ER [31] . The results found for these motor proteins ( Fig. 2 and see Tab. 2 for a detailed description) demonstrate a common feature for all motor proteins: multiple lipid-binding regions. These novel lipid-binding regions are divided over several lipid-binding domains. It is interesting to note that an apparent correlation between the anionic phospholipid content of the membrane and the number of lipid-binding regions in the corresponding motor proteins can be observed. The anionic phospholipid content in the corresponding membranes is different: 20-25% in the E. coli inner membrane [32] , 14-23% in the mitochondrial membranes [33, 34] , 11-20% in the thylakoid chloroplast membranes [35, 36] , and 10-20% in the ER membranes [37] . It is tempting to see an increase in the extent of lipid-binding regions with a decrease in the anionic phospholipid content in the corresponding membrane. Provided that one takes 20 AA as the average length for each region, the percentages of the helical lipid-binding region extents does indeed increase, to 22%, 23.5%, 29.5% and 29.5%, respectively. In this respect, it is of interest to note that two reported photo-cross-linking studies found E. coli SecA-lipid labelling with 5-10% efficiency [38, 39] . Since it is unlikely that all of the regions identified in this study are involved in protein-lipid interactions at the same time, a quarter (5.5%) or third (7.5%) seems more reasonable. This would correspond well with the experimentally observed efficiency. Unlike E. coli SecA, little is known about any possible involvement of protein-lipid interactions in other motor proteins. However, for cpSecA, some indications have been found for specific lipid and signal peptide preferences [36] . Additionally, a recent experimental approach developed to screen a large number of different proteins for their lipid-binding capability identified three proteins belonging to the heat shock protein 70 family [40] . In relation to this, obviously E. coli SecA and cpSecA are related proteins (in two different protein translocation systems). BiP and mtHsp70 both belong to the Hsp70 family (again in two different protein translocation systems). The fact that BiP and mtHsp70 are closely related is apparent in Fig. 2 : the lipid-binding domains are almost identical (although on the primary structural level there is no resemblance, see Tab. 2).
FtsY, a membrane-associated protein involved in protein translocation
Of all the motor proteins, E. coli SecA is the best characterized protein in terms of protein-lipid interactions. FtsY is a membrane-associated homologue of the eukaryotic SRP receptor and is not a motor protein. However, FtsY and SecA are remarkably similar at a number of levels. For example, both are nucleotidebinding proteins with a low basal hydrolysis activity in vitro that is stimulated by anionic phospholipids [41, 42] . Both show an unusual subcellular distribution in vivo: partly soluble and partly firmly associated with the inner membrane [43, 44] . Both interact directly with phospholipids, with a preference for anionic phospholipids despite their overall acidic nature (pI SecA = 5.50, pI FtsY = 4.49), and can give rise to anionic phospholipid vesicle aggregation [11, 42] . According to the Heliquest program calculation and its prediction, this is a non-lipid binding region. However the helices indicated here have a hydrophobic face, which could be involved in FtsY interactions with PE (see text for discussion).
Because of this large number of similarities, the protein FtsY was included in this study. Indeed, multiple lipid-binding regions have been identified for E.coli FtsY (Tab. 3). It is interesting to note that the two most described and characterized lipid-binding regions in FtsY can be clearly identified with the Heliquest approach. The region FtsY(1-18) corresponds well with the earlier identified 14 AA long N-terminal region [45, 46] , while the region FtsY(188-208) corresponds remarkably well with the earlier identified essential and autonomous membrane-binding amphipathic helix in E. coli FtsY, which was found to be region 197-211 [46, 47] . Besides these described regions, a number of novel lipid-binding regions have been identified. The protein FtsY consists of three domains: A , N(197-280), and G(281-497). Each has a distinct function (see [47] and references therein). One of the now identified novel lipid-binding regions FtsY(245-262) is situated in the middle of the N-domain, while the other lipid-binding region FtsY(387-407) is found near the C-terminal side of the G-domain. Additionally, two more regions are included: FtsY(226-243) and FtsY(265-282) (Tab. 3). Although according to the corresponding discrimination factor, these regions were not identified as anionic phospholipid-binding regions, both regions exhibit two interesting features. Both were found to be helical and include in their sequence a strong hydrophobic face in the corresponding helical wheel plot (data not shown). A protein-lipid interaction based primarily on the hydrophobic nature of the regions FtsY(226-243) and FtsY(265-282) is postulated based on these features. This might be of particular interest since a specific FtsY-lipid interaction has been demonstrated for PE [48] .
Concluding remarks
The data presented here indicates multiple lipid-binding sites in E. coli SecA. The number of binding sites is surprisingly high. A closer look at the distribution of the lipid-binding sites clearly demonstrates an N-and C-terminal domain distribution, with the exception of regions V and VI, which seems to overlap with (parts of) the NBF-domains. The results might inspire a closer look at these regions during protein translocation. Possible experimental confirmation opens the possibility to determine which regions are actively involved at the different stages of protein translocation. This could provide important mechanistic information. The finding that multiple lipid-binding regions were found not only in E. coli SecA, but also in other motor proteins, is intriguing. Basically two groups of protein translocation motor proteins have been studied, members of the SecA and the Hsp70 family in four different protein translocation systems. The finding that FtsY, which is in many aspects closely related to SecA, also contains multiple lipid-binding sites might emphasize the importance of this apparent common feature of all these proteins involved in protein translocation. The general feature that multiple lipid helical binding regions can be identified in protein translocation motor proteins might indicate an underlying functional aspect of this family of proteins. Additionally the results may yield important and distinctive characteristics of the N-and C-terminal domain of some members of the amphitrophic protein family [49] . Apparently the presence of lipid-binding helical regions, and the absence of transmembrane regions, enables in this typical distribution both a soluble and a membrane-bound form. The presented bioinformatics approach might serve as a starting point for studying proteins which have not yet been characterized in detail when it comes to protein-lipid interactions.
